The elimination of total and fecal coliforms, from raw surface water, was carried out by electrochemical oxidation using either boron doped diamond (BDD/Ti) or graphite (GP) anodes, in a chloride-free medium. The optimal values of the operation parameters, maximizing the coliform elimination percentage, were determined using statistical experimental design. The current density ( j: 2-20 mA/cm 2 ), the conductivity (σ: 500-900 μS/cm) and the anode materials (An) were considered as variables to perform the Box-Behnken experimental design together with the response surface methodology analysis for optimization. The statistical analysis indicated that, in the evaluated range, the disinfection efficiency increased with an increase in j and decreased with an increase in σ. The following optimal conditions for the elimination of total and fecal coliforms were found: j: 10 mA/cm 2 , σ: 500 μS/cm and BDD/Ti used as anode material. The BDD/Ti electrode let to achieve complete coliform elimination after ca. 20 min of reaction while the GP one needed ca. 27 min. In water treated with both BDD/Ti and GP anode, after 7 days, any coliforms growth was observed. As a result of the oxidation process, the total organic carbon and nitrite concentration decreased while nitrate concentration increased.
INTRODUCTION
The purpose of disinfection processes is to eliminate pathogens as bacteria and viruses responsible for waterborne diseases. Nevertheless, according to statistics of the Water Project Foundation, 783 million people do not have access to clean and safe water and almost 2.5 billion do not have access to adequate sanitation, being exposed to a permanent health risk. Children are especially vulnerable to untreated water and it is estimated that one out of every five deaths in the population under 5 years old is due to a water related disease. The situation is even more complex in developing countries where around 80% of illnesses are linked to both poor quality of water and sanitation conditions. Consequently, it is of high priority to develop and evaluate new Different technologies have been used to eliminate pathogens from water. Chlorination is the most common and effective way to remove a wide range of microbial pathogens (Barashkov et al. ) . However, the addition of chlorine induces the formation of potentially harmful disinfection by-products (DBPs). Over 600 DBPs can be formed as a result of the contact of chemical oxidants with unviable, it is necessary to develop and implement processes using in-situ formation of disinfection agents. Searching for alternative treatment processes that can overcome these drawbacks, electrochemical disinfection of water has emerged as a promising option. It has shown to be cost efficient, environmentally friendly and competent in the elimination of microorganism from water (Bergmann & Rollin ; Ndounla et al. ) . This technique implies in-situ formation of oxidizing species (for instance,
• OH, H 2 O 2 , O 3, peroxodisulfate, peroxodicarbonate and peroxodiphosphate) by the pass of electric current through a suitable electrode, avoiding transportation and storage of hazardous chemicals (Hussain et al. ) .
The effectiveness of electrochemical disinfection depends on different parameters including: electrolyte-cell configuration, electrode material, electrolyte type, solution composition, type of microorganisms, mass transfer conditions and current density/electrode potential ratio (Kerwick et al. ) . In relation to the electrode material, () have detected that any inactivation of BDD anode was observed when used without current density. Therefore, the disinfection occurs mainly due to the formation of oxidizing species on the anode material.
Thus, the aim of this work is: (1) to define a simple, low cost system for the electrochemical treatment of water available in rural areas of developing countries, able to eliminate pathogenic microorganisms; and (2) to assess its disinfection efficiency on both total and fecal coliform bacteria. Two different anodes materials (GP and BDD/Ti) were tested separately under different operational conditions (in the absence of chloride ions). The Box-Behnken experimental design (BBD) and the response surface methodology (RSM) were used to optimize the electrooxidation process.
MATERIALS AND METHODS

Reagents and water samples
Water samples were taken directly from a creek passing through EAFIT University, in Medellín-Colombia, and pro- . Additionally, sodium thiosulfate (Na 2 S 2 O 3 , 99.5% pure, Aldrich Co.) was used as support electrolyte. Table 1 presents the characterization of the raw water used in this study.
Analytical methods
For each sample of water, the number of microorganisms was stated as colony forming units (CFU Additionally, conductivity and pH were determined with a Thermo Scientific Orion 5 start multiparameter analyzer.
In all cases, the average value of the measurements is reported. Error bars (indicating the error or uncertainty in a reported measurement) present the variability of data graphically.
Disinfection process and electrolytic system
The electro-oxidation experiments were carried out in a Plexiglas, continuously stirred, batch jacketed reactor 
Total coliforms (TC), CFU/mL 6,750
Fecal coliforms (FC), CFU/mL 5,600
process efficiency and increased the energy cost. Therefore, j, σ and anode material were chosen as operational variables to be optimized in the next experimental design.
• In the second group of experiments, the BBD coupled (1 mM). The upper conductivity value in the studied range was fixed according to Colombian regulation for drinking water (1,000 μS/cm).
The efficiency of the electrochemical process was defined based on total coliform (%ETC) and fecal coliform (%EFC) elimination percentages. They were calculated according to Equation (1), where Zi and Z account for the initial and final values of FC and TC measured concentrations.
For the experimental design, the independent variables and their levels, summarized in Table 2 , were coded according to Equation (2). The experimental results were adjusted to a second-order multi-variable polynomial model (Equation (3)):
where Yi is the predicted response variable, β 0 , β i , β ii , β ij are the regression coefficients for: the intercept, lineal, square, and interaction terms, respectively; and X i and X J are inde- The energy consumption (EC) during the EO process (expressed in kWh/m 3 ) was calculated using Equation (4):
where I ¼ average applied current (A); V ¼ average cell 
RESULTS AND DISCUSSION
To examine the combined effect of the three independent process variables ( j, σ and electrode material) on %ETC The p-values were used to identify experimental parameters that present statistical influence on the particular response.
The value of p 0.05 means that the studied variable is statistically significant with the 95% confidence level. As shown in Table 4 , the j and σ present p-values 0.05 for the three response variables, suggesting that they influence directly the disinfection efficiency and the operational costs. Moreover, the following double-interactions of different factors also fulfil the statistical constraint: for %ETC:
σ -σ and j-σ; for %EFC: σ -σ; and for OC: j-j. In numerical terms, it implies that their corresponding coefficients in the regression model present significant weight in the polynomial equation. Thus, three second order polynomial equations (Equations (6)- (8)) were fitted to the experimental data, as functions of the three independent process variables ( j, An and σ).
The adjustment of developed models was evaluated based on the variation coefficients (R 2 and R 2 adj ). The R 2 adj is a more suitable parameter, because it takes into account the size of the data set. Both coefficients were very close to unity, indicating that RSM was very suitable to describe the electro-disinfection process using BDD anode were observed (see Table 3 ). Next, the response surface plots were drafted with the regression models (Equations (4) and (5)) to see the simultaneous effects of two factors on a response variable (Figure 1 ). Thus, it was possible to determine the optimal operating conditions as follows.
Interactive effect of current density ( j) and conductivity However, the GP electrode cost is only a fraction of the BDD/Ti one. Thus, GP electrode become a very promising material for the electrochemical disinfection of raw surface water. The preliminary operational cost analysis for water disinfection treatment using an electro-oxidation system led to a total unitary cost, aiming to achieve complete disinfection, of 1.1 USD/m 3 for GP anode and 1 USD/m 3 for BDD anode.
